In mammals, transposable elements are largely silenced, but under fortuitous circumstances may be coopted to play a functional role. Here, we show that when Alu elements are inserted within or nearby genes in sense orientation, they may contribute to the transcriptome diversity by forming new cleavage and polyadenylation sites. We mapped these new gene ends in human onto the Alu sequence and identified three hotspots of cleavage and polyadenylation site formation. Interestingly, the native Alu sequence does not contain any canonical polyadenylation signal. We therefore studied what evolutionary processes might explain the formation of these specific hotspots of novel gene ends. We show that two of the three hotspots might have emerged from mutational processes that turned sequences that resemble polyadenylation signals into full-blown canonical signals, whereas one hotspot is tightly linked to the process of Alu insertion into the genome. Overall, Alu elements may lie behind the formation of 302 new gene end variants, affecting a total of 243 genes. Intergenic Alu elements may elongate genes by creating a downstream cleavage site, intronic Alu elements may lead to gene variants which code for truncated proteins, and 3 0 UTR Alu elements may result in gene variants with alternative 3 0 UTR.
Introduction
Alu elements are primate-specific non-autonomous retrotransposons of the SINE (Short INterspersed Element) family [1] [2] [3] . They are the most abundant transposable elements in human, appearing in more than one million copies and covering more than 10% of the genome [2] . The length of a typical Alu element is about 300 nucleotides and it is made of two arms constructed as left arm-linker-right arm-tail, where the linker and the tail are A-rich sequences [3] . Alu elements can be classified into three large families that slightly differ in their consensus sequence and reflect their evolutionary history, from the most ancient AluJ elements, through the AluS elements, and to the youngest AluY elements [4, 5] . In addition, our genome harbors an older family of Alu-like elements, called fossil antique monomers (FAMs) , that is 100-200 nucleotides in length. This family arose from a 7SL RNA sequence and gave birth to the free left arm monomer (FLAM) and the free right arm monomer (FRAM) families [6] . Most Alu elements reside in genomic regions where their impact on human biology is negligible. However, there are cases where an Alu element is inserted in the vicinity of a functional region and affects the function of this region. In many cases, this effect is disruptive, and leads to disease [7] . Sometimes, however, the insertion of an Alu element enlarges transcriptome diversity. It had been shown that some intronic Alu elements in antisense orientation triggered the creation of a novel splice junction, leading to the birth of an alternative exon [8] [9] [10] [11] .
Here, we show how Alu elements that are inserted within or next to a gene in sense orientation, may trigger the formation of a new cleavage and polyadenylation site (PAS), thus generating new transcript variants. Specific examples are given towards the end of the paper. Transcription termination is a two-step process comprising the cleavage of the premRNA followed by polyadenylation, which is the enzymatic addition of a long sequence of adenines to its 3 0 -end, called the poly(A) tail. This process is aided by several cis regulatory elements at both sides of the cleavage position that direct the factors that participate in the termination process [12] [13] [14] [15] [16] . In mammals, the two main regulatory elements are AAUAAA and AUUAAA, located within 40 bases upstream of the cleavage point (though most of them are found 10 to 30 bases upstream of it). These two elements are usually referred to as the canonical polyadenylation signals, and are found in 53-58% (AAUAAA) and 15-17% (AUUAAA) of human polyadenylation sites [17] . Other, weaker, polyadenylation signals have been reported, most of them a single substitution away from the canonical signals [18] . They are called noncanonical polyadenylation signals, and are found in about 10-20% of the polyadenylation sites. In addition to these polyadenylation signals, other auxiliary regulatory elements have been suggested to reside in other locations with respect to the cleavage site. The UpStream Element (USE) is a U-rich region that tend to be associated with UGUA or UAUA elements, and is located within 20 bases upstream of the polyadenylation signal. The DownStream Element (DSE) is a GU-or U-rich element, including sequences such as UGUG and GUGU. DSEs are located within the 40 bases downstream of the cleavage site. The cleavage point itself shows some tendency to be right after a CA dinucleotide, but its position is probably not fixed, and the actual site may vary by up to tens of nucleotides for the same pre-mRNA [12, 13] .
Previous research already suggested that several types of transposable elements, including Alu sequences, may facilitate the formation of novel cleavage sites [19] [20] [21] [22] [23] . In Alu elements, the proximity of the cleavage site to the A-rich parts of the Alu sequence has been pointed out, suggesting that formation of polyadenylation signals in these parts gave rise to the novel cleavage sites [22] . Here, we thoroughly examine human cleavage sites, identify their relation to Alu elements, and analyze the molecular processes that may have led PAS-devoid Alu elements to promote the introduction of new cleavage and polyadenylation sites. We determine the order of evolutionary events that might underlie the creation of these new cleavage sites, and show how they may vary between the different Alu families. We identify three hotspots of cleavage sites within Alu elements, and show that two of them are related to the A-rich regions of the Alu elements, whereas a third is related to the mechanism that inserts Alu elements into the DNA sequence. Finally, we demonstrate the impact of this process on the human genome by examining the expression levels of the newly formed transcripts in comparison with the original transcripts.
Results and disscussion

Alu elements that overlap gene ends tend to be in sense orientation
We have downloaded human genome assembly hg38 annotations, and retrieved 59,413 protein-coding transcripts, as well as 1,238,897 Alu elements (of families AluJ, AluS, AluY, FLAM_A, FLAM_C, FRAM, and FAM). Of these, we focused on the 579,747 Alu elements (46.8%) that overlap gene bodies, and divided them into three groups based on their position relative to the gene: Alu elements that overlap a gene end (a cleavage site of any transcript of the gene, EoG-Alu); Alu elements that overlap an intron-exon junction (Junc-Alu); and Alu elements that reside totally within introns (intronic Alu). Each Alu element was marked as sense or antisense according to its orientation with respect to the gene (Table S1 , Fig. 1 ). Comparing these groups of Alu elements to a control group of intronic Alu elements, we replicated the previous observation [9] that Junc-Alu elements tend to be in antisense orientation (86.1% versus 54.9%; P < 10 À100 , x 2 -test). We also observed, as was noticed previously [22, that EoG-Alu elements tend to be in sense orientation (77.7% versus 45.1%; P < 10 À100 , x 2 -test). Gene end positions, namely the positions of the mRNA cleavage sites of any of the gene's transcripts, show high variability and are difficult to precisely determine, leading to partial and sometimes inaccurate annotations in current databases [24] [25] [26] . One source of error is the stochastic nature of the actual position of the cleavage site, which may vary by up to tens of nucleotides [12, 13] . Another major source of error is internal priming, whereby during the generation of the cDNA the reverse transcriptase binds to an internal poly(A) stretch rather than to the poly(A) tail, leading to an appearance of a gene end in the middle of the gene. Alu elements are particularly prone to be targets of internal priming, as they harbor two A-rich stretches: in the linker at the middle of the element, and in the tail at its 3 0 -end. To reduce the level of falsely annotated gene ends, we have used a second list of gene ends, called APADB. APADB is a database that links cleavage and polyadenylation sites to nearby genes. It contains 71,829 human cleavage and polyadenylation sites that were experimentally measured in human using 3 0 -end sequencing method that is less sensitive to internal priming [27] . Using these data, we observed a similar enrichment of sense EoG-Alu elements (79.6% versus 45.1%; P < 10 À100 , x 2 -test; Fig. 1 ).
Alu elements harbor three cleavage site hotspots
In order to test whether gene ends tend to form in specific locations along the Alu sequence, we aligned all hg38 EoG-Alu elements to the Alu consensus sequence (AluJo) [5] , and mapped the location of the gene ends onto the consensus sequence. This revealed six major hotspots, at positions 6, 118, 132, 141, 281, and 300 with respect to the Alu consensus sequence ( Fig. 2A) . Curiously, the hotspots at positions 118, 281 and 300 occur immediately upstream of A-rich stretches, raising the possibility that they might be an artifact of internal priming rather than true gene ends. To further examine this, we re-mapped gene ends that come from the APADB database onto the consensus sequence of EoG-Alu elements. This yielded five hotspots, at positions 6, 119, 134, 141, and 283 (Fig. 2B ).
The three hotspots at positions 6, 132/134, and 141 are apparent in both analyses. The two hotspots just upstream of the Alu tail were either dramatically reduced (position 281/283) or completely erased (position 300) for the APADB data, suggesting that they are indeed a result of internal priming. The hotspot upstream of the A-rich linker (positions 118 and 119 in Fig. 2A & B, respectively) is even stronger when using the APADB data. We hypothesize that this may be an artifact of the APADB annotation protocol that wrongly points at position 119 as the cleavage site in transcripts whose true cleavage site is at position 134. Such errors may stem from the fact that the entire Alu sequence between positions 119 and 134 is Arich and might be wrongly considered as part of the poly(A) tail (Fig. S1 ).
To further authenticate the cleavage site hotspots, we used the fact that genuine gene ends are significantly enriched with the canonical cleavage and polyadenylation signals AAUAAA and AUUAAA within the 40 nucleotides upstream of the cleavage point [17] . From the APADB EoG-Alu elements we isolated the five subgroups of elements where the cleavage point is mapped to the vicinity of one of the hotspots (Table S2) , and named them 6-EoGAlu elements, 119-EoG-Alu elements, etc. As a negative control, we used Alu elements that totally reside within introns (Control-I), and Alu elements that reside in intergenic regions (Control-IG). In each group, we measured the frequency of the canonical polyadenylation signals upstream of the relevant hotspot. As a positive control, we also measured this frequency upstream of genuine gene ends that do not overlap Alu elements (Control-EoG). We found a significant enrichment of canonical polyadenylation signals at hotspots 6, 134, and 141 ( Fig. 3A , P < 10 À100 , one sided Fisher exact test). Interestingly, canonical polyadenylation signals are enriched in these EoG-Alu elements even when compared to Control-EoG (P < 10 À100 , 0.028, 0.015 respectively, one sided proportion test). We provide a mechanistic explanation to this observation later in the paper.
For the hotspots at positions 119 and 283, the fraction of upstream canonical polyadenylation signals is very low, and there is no enrichment relative to Control-I and Control-IG (P = 0.94 and 0.999, respectively, one sided Fisher exact test). To test the possibility that these hotspots represent genuine cleavage points that use non-canonical polyadenylation signals (Table S3) , we computed also the fraction of non-canonical polyadenylation signals and again found no enrichment (Fig. 3B) .
We conclude that the gene ends that map to positions 6, 134, and 141 along the Alu sequence are genuine cleavage sites, whereas those that map to positions 119 and 283 may contain spurious cleavage sites. Here, we wished to apply strict criteria and therefore excluded from further analysis Alu elements where the cleave site was mapped to positions 119 and 283, or where it was mapped outside of any hotspot. We also conclude that gene ends based on APADB are less sensitive to internal priming, and hereinafter we will use APADB data for the analysis.
In total, we found 708 EoG-Alu elements, of them 127 within 6-EoG-Alu, 41 in 134-EoG-Alu and 93 in 141-EoG-Alu (Table S2) . Next, we turn into investigating the molecular mechanisms behind the formation of the hotspots at positions 6, 134, and 141.
Cleave sites at 6-EoG-Alu elements arise from the Alu insertion mechanism
Nicking signals are co-opted to serve as polyadenylation signals The canonical polyadenylation signal associated with cleavage sites at position 6 must reside outside and just upstream of the Alu sequence. Integration of new Alu elements into the genome starts when the L1 endonuclease recognizes the motif TTAAAA, and nicks the DNA in the opposite strand at the position corresponding to the junction between the T and the A. Then, a second nick occurs in the original strand 15-16 nucleotides downstream. Following these DNA breaks, an Alu RNA binds to the stretch of T's, and the DNA is complemented [28, 29] . Hence, we expect to see the hexamer TTAAAA, known as the nicking signal, »18 bases upstream of the Alu insertion site. Notably, the nicking signal shows great similarity to the canonical polyadenylation signal ATTAAA, and is located in just the right distance from the cleavage point at the sixth base of the Alu sequence. To test whether indeed the nicking and the polyadenylation signals overlap, we identified both for the 6-EoG-Alu elements and for the Control-I Alu elements. As expected, we found that the spatial distributions of the two signals strongly overlap, with their modes located about 20 nucleotides upstream of the Alu insertion site (Fig. S2) .
The sequence similarity between the nicking signal and the polyadenylation signal, combined with their co-localization with respect to the Alu element, suggest that a nicking signal that recruited an Alu element bears the potential to be later recognized as a polyadenylation signal, inducing a gene end at position 6 of the Alu element.
There are many ways by which the nicking signal TTAAAA can turn into a polyadenylation signal following mutations, insertions or deletions. However, the simplest way is if the nicking signal comes right after an A. Clearly, the sequence ATTAAAA serves as both a nicking signal and a canonical (ATTAAA) polyadenylation signal. To test whether we see evidence for such a scenario, we compared the fraction of nicking signals preceded by an A in 6-EoG-Alu elements to Control-I Alu elements, as well as to Alu elements that present gene ends in other positions (134-and 141-EoG-Alu elements). In support of our model, we found a significant enrichment in nicking signals preceded by an A only in 6-EoG-Alu elements ( Fig. 4A , P ¼ 3:6Á10 À9 ; 0:60; 0:37, when comparing 6-,134-, and 141-EoG-Alu elements to Control-I Alu elements, Fisher exact test, Table S4 ).
In addition to the primary nicking signal, a second variant TAAAAA may be in use. In this case, it may also be a canonical polyadenylation signal if preceded by the dinucleotides AA or AT. Indeed, we found a significant enrichment in these two cases within the 6-EoG-Alu elements, but not in other EoG-Alu elements ( Table S5 ). In addition to fortuitous genomic context of the nicking signal, there are many possible ways by which a nicking signal can be mutated into a polyadenylation one, although the precise succession of these events is difficult to infer for any given Alu sequence (Table S6) .
Nicking signals co-opted to be polyadenylation signals are more conserved We prepared sequence logos of the region 40 bases upstream of the Alu element for the 6-EoG-, Control-I and Control-IG Alu elements (Fig. 5) . The AT-rich nicking signal is well apparent in all groups, but is clearly more prominent for the 6-EoG-Alu elements. This is compatible with the notion that nicking signals that had been co-opted to serve as polyadenylation signals, especially those that did so by means of their genomic context, would be under stronger pressure to conserve their sequence. To test this we computed, for the different groups of Alu elements, the fraction of the two canonical nicking signals upstream of the Alu insertion site. Indeed, we saw that the two nicking signals are significantly enriched in 6-EoG-Alu elements (P ¼ 0:0247; 0:0056; 6:7Á10 À5 for TTAAAA and P ¼ 3:5Á10 À6 ; 1:3Á10 À6 ; 5:1Á10 À10 for TAAAAA, compared to Control-I, Control-IG, and Control-EoG, respectively; Fisher exact test, Fig. 6A ). Similarly, the leading mechanism that turns a nicking signal into a polyadenylation one (the right genomic context) creates one of the two canonical polyadenylation signals (ATTAAA and AATAAA) or one non-canonical signal (TTTAAA). Hence, we expected to see an enrichment in the use of these polyadenylation signals in 6-EoG-Alu elements even compared to normal gene ends. Indeed, we saw an increased use of the two canonical polyadenylation signals upstream of 6-EoG-Alu elements (P ¼ 2:3Á10 À48 ; 5Á10 À46 ; 0:0014 for ATTAAA, and P ¼ 4:1Á10 À13 ; 7:6Á10 À14 ; 0:0024 for AATAAA, compared to Control-I, Control-IG, and Control-EoG, respectively; Fisher exact test, Fig. 6B ), but no preferential use of any of the 14 non-canonical signals. Notably, we do not observe preferential use of the non-canonical signal TTTAAA, probably as a result of the fact that this signal is weakly associated with polyadenylation.
We do not expect to see similar results in EoG-Alu elements where gene ends map to other hotspots, as we indeed confirm (Fig. S3, Table S7 ). For example, out of the 93 141-EoG-Alu elements only 11 (11.8%) harbor canonical polyadenylation signals upstream of their insertion site (P ¼ 9Á10 À23 compared to 61% in Control-EoG; Fisher exact test), and 17 (18.3%) harbor canonical nicking signals (P ¼ 0:30 compared to 15% in Control-I; Fisher exact test).
Polyadenylation signals in 134-and 141-EoG Alu elements arise from mutational events
Polyadenylation signals form spontaneously at the Alu linker and tail A-rich regions Unlike gene ends at position 6, where the polyadenylation signals reside outside the Alu element, gene ends at positions 134 and 141 have their associated polyadenylation signals within the Alu sequence. However, canonical polyadenylation signals are not present along the reference sequence of any of the Alu families. Therefore, the emergence of canonical polyadenylation signals along Alu sequences must be a result of mutational processes. Spontaneous formation of polyadenylation signals is most likely within the A-rich linker in the middle of the Alu sequence, as well as within the A-rich tail. Indeed, when we scan Control-I Alu elements for polyadenylation signals, we find them almost exclusively in these two regions (Fig. S4) . Mutations that beget a polyadenylation signal at the linker region lead to the gene end hotspots at positions 134 and 141. We hypothesize that polyadenylation signals spontaneously formed at the tail similarly form novel gene ends, but these are not present in our data because they are located downstream of the Alu sequence rather than within it. To test it, we looked at Alu elements that totally reside inside 3 0 UTRs. As expected, these elements have significantly more polyadenylation signals within their tail when their distance to the gene end is shorter than »30 bases (P ¼ 7Á10 À4 , Fisher exact test, Fig. S5 ).
EoG-Alu elements share similar mutations
With time, each individual Alu element accumulates mutations that distinguish it from its family reference. To identify mutations that are critical for the formation of polyadenylation signals, we aligned all the 134-EoG-and 141-EoG-Alu elements to the Alu reference sequence (AluJo), and kept track of all mutations (Fig. S6 ). We applied a two-step alignment procedure, by which each Alu element is first aligned to its family reference, and only then the family references are mapped to the AluJo sequence (see Methods). This procedure ensures that we do not count mutations that underlie the formation of the Alu families themselves. We performed a separate analysis for substitutions, deletions and insertions. For each position along the reference Alu sequence we counted how many times any possible substitution had occurred, and displayed the result as a sequence logo (Fig. S7) . C>T substitutions in the context of a CpG dinucleotide are the predominant mutations, likely promoted by cytosine methylation [30] and are frequently observed in Alu elements [31, 32] . This explains the many apparent CG>TA mutations (C>T mutations in both strands in consecutive positions).
To find the critical substitutions that are over-represented in the 134-EoG and 141-EoG-Alu elements, we calculated P-values using the Fisher exact test for each mutation in every position compared to Control-IG, and corrected for multiple comparisons using Benjamini false discovery rate (FDR) correction. We found a single substitution that is significantly over-represented in 134-EoG-Alu elements, a C>A at position 119 (FDR corrected P-value = 10 À6 , Table S8A ). The A-rich linker in most Alu families stretches from position 118 to position 133, and has the consensus sequence ACTAAAAATA-CAAAAA. A C>T or C>A substitutions at position 119 will generally form a canonical polyadenylation signal and will support a cleavage at position 134, hence their over-representation among the 134-EoG-Alu elements (Fig. 7A, B) .
141-EoG-Alu elements are characterized by 17 significantly over-represented substitutions (Table S8B) . Of them, seven are upstream of the cleavage point, and 10 are downstream of it. The upstream substitutions usually generate a polyadenylation signal directly. The most enriched substitution is C>A at position 128, which generally creates a canonical polyadenylation signal that support cleavage at position 141 (Fig. 7C) . The downstream substitutions are mostly CG>TG. This increases the abundance of TG's downstream of the cleavage site, in agreement with the suggestion that TG-rich downstream elements assist the main polyadenylation signal in promoting polyadenylation [17] . Similarly, significant CG>TG substitutions are found downstream of the cleavage point of 6-EoG-Alu elements probably for the same reason (Table S8C) .
We have similarly mapped insertions and deletions onto the Alu reference sequence. Deletions are scarce, and no single deletion was found to significantly characterize EoG-Alu elements (Fig. S8A, B) . In contrast, Alu elements tend to have many insertions. Interestingly, many single-nucleotide insertions may create polyadenylation signals within the A-rich linker segment. We could identify several positions upstream of the cleavage point, in which insertions are significantly overrepresented in 134-EoG-and 141-EoG-Alu elements (Fig. S8A , B and Table S8D , E).
The fundamental difference between 6-EoG-Alu and 134-/ 141-EoG-Alu elements in the mechanisms behind gene end formation, suggests that gene ends at position 6 of the Alu sequence should form in equal rates in all Alu families, as all share the same insertion mechanism. In contrast, the mutational processes leading to the formation of polyadenylation signals in 134-and 141-EoG-Alu elements depend on the sequence and on the time available for mutations to accumulate. Therefore, 134-and 141-EoG-Alu elements are expected to show relative frequencies of the Alu families that are different from the relative frequencies within the set of control Alu elements. Indeed, we have validated these expectations (Fig. S9) .
Contribution to the transcript repertoire
We identified a total of 708 EoG-Alu elements, of them 127 are 6-EoG-Alu elements, 41 are 134-EoG-Alu elements, and 93 are 141-EoG-Alu elements ( Table S2 ) (All other 215 EoG-Alu elements are mapped outside of a hotspot and were ignored in this work). To estimate the contribution of EoG-Alu elements to the transcriptome repertoire, we compared the level of expression of the new transcript variants they formed to that of other transcripts from the same gene.
The APADB database links cleavage and polyadenylation sites to nearby genes. To carry out a conservative analysis, we further filtered these data by crossing the positions of the cleavage sites with UCSC annotations, and removing all cleavage sites that were more than 40 bases away from an annotated gene end. This left 32 genes linked to 6-EoG-Alu elements, 13 genes linked to 134-EoG-Alu elements, and 24 genes linked to 141-EoG-Alu elements (Table S9) . We downloaded transcript expression values for these genes in 53 tissues from the GTEx website [33] . Each transcript was assigned with a single RPKM value, taken as the maximum across all tissues. For each transcript formed by an EoGAlu element, we calculated the ratio of its RPKM to that of the maximal RPKM across all the transcripts of the gene. A histogram of these values (Fig. S10A) shows that 28 (41.2%) of the EoG-Alu elements lead to transcripts whose expression is >50% of the maximal expression level of their gene. Notably, many of these Alu-promoted new transcripts show substantial RPKM values (Fig. S10B) .
Our analysis was very strict, covering only Alu-elements whose cleavage site resides within one of the three hotspots, ignoring hotspots that might include high fraction of false positives. As a result, the above numbers are likely an underestimate of the true number of new transcripts formed by the introduction of cleavage and polyadenylation sites by Alu elements.
The exaptation of Alu elements, therefore, enriches the repertoire of the human transcriptome by generating new transcript variants. If the PAS-bearing Alu element resides just downstream of a 3 0 UTR of an existing gene, it may form a longer transcript variant. If the PAS-bearing Alu element resides in an intron, it may form a shorter transcript variant. Here, we describe a few specific examples. The transcript ENST00 000411731 of the gene ERBB3 has an AluSz element overlapping its end. This transcript variant may have arisen following the insertion of the Alu element downstream of the 3 0 -end of the 3rd exon, making it the last exon of the new transcript variant. This change led to elongation of the coding region, and to the creation of a new 3 0 UTR (Fig. 8A) . The RPKM value of this transcript (6.9) is 11.4% of the maximal RPKM in this gene. A shorter transcript may also be a result of Alu insertion within an existing 3 0 UTR. For example, in the gene THUMPD3, the insertion of an AluSq2 element into the 3 0 UTR generated two transcripts (ENST00000515662 and ENST00000464045) with shorter 3 0 UTR (Fig. 8B) . In this case, the RPKM value of ENST00000464045 (a non-coding transcript, RPKM 47.7), is the maximal across all transcripts of the gene, whereas the RPKM of ENST00000515662 (2.4) is low, but still considerable.
Alu elements inserted just downstream of an existing gene end may lead to 3 0 UTR elongation. For example, the longest transcript of the MMP19 gene, ENST00000548882, may have been formed by the insertion of an AluJb element downstream of its 3 0 UTR, leading to elongation of the 3 0 UTR (Fig. 8C) . The RPKM value of this transcript (20.2) is the maximal across all transcripts of the gene.
Alu element insertion within a gene may also lead to completely new last exons. For example, the insertion of an AluSx1 element within an intron of the gene HSD11B1L was followed by the creation of an additional exon, and a new 3 0 UTR (Fig. 8D) . The RPKM value of this transcript (ENST00000422535, RPKM 22.6) is maximal across all transcripts of this gene.
Summary
Within Alu elements, we have identified three positions that are hotspots for formation of new gene ends. While there are no gene-end databases that specifically account for mobile elements, we have crossed UCSC annotations with the APADB database to remove additional hotspots that may have arisen due to experimental artefacts. We showed that the hotspot at the beginning of the Alu element (position 6) is formed by exaptation of the nicking signal, used for the insertion of the Alu element into the genome, to serve as a polyadenylation signal. The two other hotspots in the middle of the Alu element are located downstream of the A-rich linker sequence. We showed that these hotspots likely formed as a result of a mutational process on the A-rich sequence.
We should stress out that the creation of a polyadenylation signal does not guarantee that it triggers the formation of novel gene end. The efficiency of any individual polyadenylation signal is difficult to predict, and it is believed that in many cases a true gene end would require additional auxiliary signals, both upstream and downstream of the cleavage point [12, 13, 15] . Indeed, we see many Alu elements among our control groups that present polyadenylation signals, and yet do not seem to promote a novel gene end (see, e.g., Fig. 3 ). We found that genuine EoG-Alu elements show enrichment in mutations that create TG's downstream of the cleavage site, which was already suggested to be an auxiliary polyadenylation signal [14, 17] .
Material and methods
Annotations of Alu elements and gene ends
Annotations of genes and Alu elements from human genome assembly hg38 were downloaded from UCSC genome browser using the Galaxy interface [34] . Noncoding genes and genes lacking 3 0 UTR annotation (3 0 UTR length < 4 nt) were excluded from the analysis. Experimentally measured gene ends were downloaded from the APADB database [27] . Alu families reference sequences were downloaded from Repbase [35] (www.girinst.org).
Control groups of Alu elements
In order to test how the properties of certain Alu elements allow them to create an alternative polyadenylation site, we mapped gene ends to the human genome, and looked for Alu elements that overlap them (EoG-Alu). As control, we wished to take Alu elements that do not contain gene ends. To properly construct this control, we annotated the genomic context of the EoG-Alu elements insertion point (exon, intron, 3 0 UTR, 5 0 UTR or intergenic region; Fig. S11 ). We found that most of the EoG-Alu elements were inserted within introns (35.2%) and intergenic regions (34.9%). In addition, we measured the distance of the EoG-Alu elements from the 3 0 -end of the nearest upstream exon, and found that most of them are located within 3000 nt from this exon (Fig. S12) . Following these findings, we constructed two control groups of Alu elements that do not contain gene ends: a) Control-I. Alu elements that reside within introns in sense orientation to the gene, and their 5 0 end is located no more than 3000 bases from the 3 0 -end of an upstream exon. If such intronic Alu elements start displaying polyadenylation signals, they would give rise to a new, shorter, transcript of the gene. b) Control-IG. Alu elements that reside in intergenic regions in sense orientation to the upstream gene, and their 5 0 end is located no more than 3000 bases from the 3 0 -end of that gene. If such intergenic Alu elements start displaying polyadenylation signals, they would give rise to a new, longer, transcript of the gene. To test additional aspects of EoG-Alu elements we constructed a third control group, consists of 80nt-long sequences that harbor a gene end in their center, and that do not overlap Alu elements (Control-EoG).
Sequence composition around Alu insertion sites
For analysis of sequence composition around Alu insertion sites, we fetched the 200 nt genomic sequence that flanks each Alu element (100 nt to each side). Nucleotide logo figures were prepared using WebLogo [36] .
Mapping onto the Alu reference sequence
Sequence analysis of multiple Alu elements from different Alu families requires a definition of a common reference. We selected the sequence of the AluJo family as a common reference as it is the ancestral Alu form [5] . Mapping of a position along an Alu element to the reference sequence was performed using two consecutive pairwise alignments: First, the Alu element was aligned to the reference sequence of its own family. Second, the reference sequence of the family was aligned to the common AluJo reference. Alignments were performed using Needleman-Wunsch global alignment algorithm, and reference sequences for all Alu families were downloaded from Repbase [35] . Positions along Alu elements, whether EoG-Alu elements or control, are always given with respect to the equivalent position along the Alu reference sequence.
Alignment of the Alu elements to their family reference was also used to list the specific differences between each Alu element and its family reference. These differences were divided into single nucleotide substitutions (where we recorded the position, the consensus nucleotide and the mutated nucleotide); deletions (where we recorded the position and the deleted nucleotides); and insertions (where we recorded the position).
Gene end hotspots
All EoG-Alu elements whose gene end had been mapped to an interval (see Table S2 ) around a hotspot were considered as belonging to this hotspot.
Transcript expression data
Transcript RPKM values for 53 tissues in 8555 samples were downloaded from the GTEx portal [33] v6 (dbGaP Accession phs000424.v6.p1). RPKM value for each tissue was calculated as the median over the relevant samples. Each transcript was assigned with a single RPKM value, taken as the maximum across all tissues. RPKM values were computed for transcripts taken from the comprehensive gene annotations list of GENCODE v24 (Ensembl 83).
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